ABSTRACT: A modular and hierarchical self-assembly strategy using block copolymer blends (AB/B'C) with tunable supramolecular interactions is reported. By combining supramolecular assembly of hydrogenbonding units with controlled phase separation of diblock copolymers, highly ordered square arrays or hexagonal arrays of cylindrical domains were obtained for mixtures of poly(ethylene oxide)-b-poly(styrene-r-4-hydroxystyrene) (PEO-b-P(S-r-4HS)) and poly(styrene-r-4-vinylpyridine)-b-poly(methyl methacrylate) (P(S-r-4VP)-b-PMMA) diblock copolymers under solvent annealing with controlled high humidity. The fraction of the H-bonded phenolic and pyridyl units was shown to be critical for both the generation of longrange order and controlling the spatial arrangement of the cylindrical domains. Both low absolute numbers and a near-stoichiometric ratio of pyridyl-to-phenolic groups are needed to produce ordered square arrays with separated PEO and PMMA domains, whereas a low ratio of pyridyl-to-phenolic groups facilitated the formation of ordered hexagonal arrays with mixed PEO and PMMA domains. Self-consistent field theory simulations suggest that the effective Flory-Huggins parameters between the various blocks control the stability of the different packing structures in this system. The modularity and tunability of this supramolecular block copolymer blending approach is a unique and powerful strategy to fabricate diverse nanostructures for a variety of applications such as block copolymer lithography.
Introduction
Block copolymers are a class of self-assembling soft materials comprising at least two covalently linked polymer chains, [1] [2] [3] where thermodynamic immiscibility between these blocks gives rise to a rich array of ordered nanostructures with periodicity on the scale of 10-100 nm. Such length scales have produced interest in using these block copolymers for applications ranging from microelectronic devices, data storage systems, membranes, photonic crystals, and so on. [4] [5] [6] [7] [8] [9] The simplest diblock copolymers typically self-assemble into body-centered cubic spheres, hexagonally packed cylinders, double-gyroid, and lamellae nanostructures. Which of these are stable is mostly dictated by three experimental parameters: the degree of polymerization (N), the volume fraction of the blocks (f), and the Flory-Huggins interaction parameter (χ). [10] [11] [12] [13] The chemical nature of the block segments determines χ, which in turn describes the segmentsegment interactions.
With more than three decades of experiments and theory aimed at understanding the thermodynamic behavior of AB diblock copolymers, 2, 3, 14, 15 it is important to explore block copolymer systems that can yield new and interesting ordered morphologies. 2, 3 For example, linear ABC triblock copolymers have received significant attention because of the existence of a wide range of morphologies, such as periodic arrays of core/shell spheres and cylinders, tetragonal lattices of cylinders, and novel bicontinuous and tricontinuous ordered mesophases. 2, 16, 17 The greater diversity in morphology afforded by ABC triblock copolymers is due to their three binary interaction parameters, two independent volume fractions, and three different block sequences, 2, [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] as opposed to one binary interaction parameter, one volume fraction, and a single block sequence for traditional diblock copolymers. Furthermore, the novel morphologies present in ABC triblocks can enable a broader range of applications by utilizing the physical and chemical properties of the three distinct blocks. Unfortunately, the synthesis of linear ABC triblock copolymers with precisely controlled block lengths is difficult, and the range of repeat units is limited.
A second strategy to diversify the morphologies achievable with block copolymers is to synthesize more complex block copolymer architectures such as star block copolymers. [26] [27] [28] [29] Whereas the synthesis may be challenging, the introduction of architectural parameters adds further issues in controlling thin film structure. A third strategy that overcomes these issues is to blend simple diblock copolymers or homopolymers to give, for example, AB/CD, AB/BC, or AB/C systems. This approach is attractive for combining physical properties and significantly broadening the processing window. [30] [31] [32] [33] Synthetically, the preparation of linear diblock copolymers can be more accessible and controllable than triblock copolymers or 3-D macromolecular architectures. In turn, the main challenge with these blend systems is an overwhelming tendency to exhibit macrophase separation. [34] [35] [36] [37] Inspired by complex and hierarchical natural systems where nanostructures are formed through a combination of covalently *Corresponding authors. E-mail: ghf@mrl.ucsb.edu (G.H.F.); edkramer@mrl.ucsb.edu (E.J.K.); hawker@mrl.ucsb.edu (C.J.H.); tang.c@chem.sc.edu (C.T.).
linked macromolecular subunits and noncovalent supramolecular interactions such as hydrogen bonding and ionic interactions, noncovalent interactions have been explored in the context of block copolymer blends. [38] [39] [40] [41] [42] [43] The supramolecular interactions not only can prevent macrophase separation but also can provide a simple route to complex block copolymer morphologies that are difficult to achieve via a fully covalent synthesis route. Several approaches have been followed to obtain novel block copolymer structures by means of noncovalent intermolecular interactions. The first approach is to blend block copolymers with lowmolecular-weight compounds that can form hydrogen bonds with one of the blocks. 44, 45 The second approach is to blend block copolymers with a second polymer, either a homopolymer or a block copolymer, to produce AB/C, 46 ,47 AB/CD, 30, 48 ABA/ CD, 49 or ABC/AD blends, 31 where hydrogen bonding interactions can be formed between two different blocks so that complementary segments are mixed into one domain.
Motivated by elegant hierarchical structures reported in block copolymer blends with supramolecular interactions as well as the promise of various applications of their self-assembly in thin films, 6, we have recently introduced a modular and tunable supramolecular block copolymer, AB/B'C, blend system. In this case, attractive supramolecular (H-bonding) interactions occur between B and B' in addition to the nonspecific interactions present in the block copolymer alloy. 75 Unlike other previous reports in the literature, most of which utilized high concentrations of complementary H-bonding moieties (e.g., a pair of blocks or polymers with complementary H-bond donors and acceptors on every monomer unit), 30, 31, [46] [47] [48] [49] the key to our design strategy is to use random copolymer blocks of B and B' containing a limited number of complementary hydrogen bonding units as comonomers so as to provide tunable attractions between the AB and B'C diblock copolymers. By controlling the level of incorporation of H-bonding units in B and B', the molecular weights and compositions of the block copolymers as well as the relative amounts of the two block copolymers in the alloy, square arrays of cylinders can be developed on silicon substrates and lithographically transferred with high fidelity, leading to highly ordered square arrays of cylindrical pores. In this article, we present detailed experimental results concerning the preparation of a library of block copolymer blends with tunable supramolecular interactions and report on their processing into thin films. We also compare the observed experimental morphologies with predictions obtained from numerical self-consistent field theory (SCFT). Particular attention is paid to the role of stoichiometry of the supramolecular bonding; experiments using B and B' blocks with different numbers of H-bonding units allow the role of stoichiometry and overall level of H-bonding groups on the domain morphology and order in the films to be studied. Finally, a possible mechanism underlying the formation of different morphologies is discussed.
Experimental Section
Synthesis of Poly(ethylene oxide)-b-poly(styrene-r-4-hydroxystyrene) (PEO-b-P(S-r-4HS)) and Poly(styrene-r-4-vinylpyridine)-b-poly(methyl methacrylate) (P(S-r-4VP)-b-PMMA) Diblock Copolymers. All diblock copolymers were synthesized, as described in our previous report (Scheme 1). 75 Synthesis of the diblock copolymers PEO-b-P(S-r-4HS) was achieved by atom transfer radical polymerization (ATRP) of styrene and 4-acetoxystyrene from a macroinitiator PEO-Br, followed by hydrolysis of the acetoxy groups using hydrazine. In select cases, diblock copolymers with a cleavable trityl ether linker between PEO and P(S-r-4HS) blocks were prepared by nitroxidemediated polymerization using the same polymerization sequence. 76 Diblock copolymers P(S-r-4VP)-b-PMMA were synthesized by reversible addition-fragmentation chain transfer polymerization (RAFT) 76 in which a PMMA RAFT macroinitiator was chain extended with P(S-r-4VP). Monomer conversion analysis was carried out on chain extension using characteristic chemical shifts of 1 H NMR from CH 2 dCH of monomers and CH 2 -CH of polymers.
Preparation of Thin Films. Diblock copolymers PEO-b-P(S-r-4HS) and P(S-r-4VP)-b-PMMA were dissolved in either toluene or benzene solutions and blended in a 1:1 molar ratio. The mixtures were then spin coated onto a silicon substrate containing a 100 nm thick silicon oxide surface layer. We adjusted the film thickness, typically in the range of 40-70 nm, by controlling the solution concentration. The films were annealed up to 48 h under saturated toluene vapor supplied by a neighboring solvent reservoir in a sealed chamber that was placed in a homemade glovebox. The initial relative humidity in the sealed chamber was ∼40% (the ambient humidity in the lab). The humidity inside the glovebox was maintained at a relatively high humidity in the range of 82-95% by flowing moist air that was bubbled through a warm water reservoir. Once the solvent annealing time had elapsed, the chamber was quickly uncovered inside the glovebox, allowing both the evaporation of the organic solvent from the swollen film and the interaction between water vapor in the glovebox with the swollen film. Previous work already demonstrated that this controlled Scheme 1. Synthesis of Diblock Copolymers PEO-b-P(S-r-4HS) and P(S-r-4VP)-b-PMMA via Controlled/Living Radical Polymerizations humidity procedure induces lateral ordering of PEO domains on the surface. 24, 25, [77] [78] [79] [80] After the solvent annealing process, some of the films were exposed to deep UV light (254 nm) at a dose of 25 J cm -2 (XX-15S, UVP, Inc.) under vacuum for 15-20 min to degrade the PMMA domains. Selected films with trityl-containing PEO-based block copolymers were further exposed to trifluoroacetic acid (TFA) vapor for 2 to 4 h, followed by methanol/ water washing to remove the PEO domains.
Microscopy Imaging. Tapping mode scanning force microscopy experiments were carried out using a Multimode Nanoscope III system (Digital Instruments (now Veeco), Santa Barbara, CA). The measurements were performed using commercial Si cantilevers with a nominal spring constant and resonance frequency equal to 48 N/m and 190 kHz, respectively (ACL, Applied Nanostructures, Santa Clara, CA). Scanning electron microscopy (SEM) was carried out using a FEI XL30 Sirion FEG microscope operating at an acceleration voltage of 5 kV. The secondary electron image was collected in ultra-highresolution mode at a working distance of ∼5 mm. In addition, transmission electron microscopy (TEM) was used to image these block copolymer thin films. Block copolymer blend films on silicon wafers covered by a 100 nm thick layer of silicon oxide were immersed in a 10 wt % HF solution and transferred to a water bath, floated off the substrate, and placed on a Cu grid. TEM imaging of these was carried out using an FEI Tecnai G20 TEM operating at 200 kV.
Results and Discussion
The synthesis of well-defined diblock copolymers PEO-b-P-(S-r-4HS) (denoted as AB) and P(S-r-4VP)-b-PMMA (denoted as B'C) with precisely controlled compositions was accomplished by atom transfer radical polymerization (ATRP) and reversible addition-fragmentation transfer polymerization (RAFT), respectively. [81] [82] [83] [84] Table 1 lists the molecular weight characteristics for the library of AB (1) and B'C (2) diblock copolymers. This high degree of structural control allows the supramolecular interactions between the components of the blends to be tuned by changing the number of H-bonding donors or acceptors per block copolymer chain, as illustrated in Scheme 2. From the free radical copolymerization reactivity ratios of styrene and 4-acetoxystyrene (4AS), 85 our synthesis should produce almost ideal random copolymer blocks of P(S-r-4AS) when the conversion is kept low as for the PEO-b-P(S-r-4AS) synthesis. In contrast, the free radical copolymerization of styrene and 4-vinylpyridine does not produce "blocky" or ideal random copolymers but leads to alternating copolymers. 85 In the present case of diblock copolymers P(S-r-4VP)-b-PMMA, the number of 4VP units is small compared with the number of styrene units maintaining the distribution of 4VP units along the styrene backbone. Examination of the monomer conversion during preparation of these blocks confirmed these predictions based on the reactivity ratios. In select cases, the PEO-b-P(S-r-4AS) diblock copolymer contained a trityl linker between blocks; however, studies showed that this linker did not affect the overall morphology of the blends or parent diblock copolymer. 76, 86, 87 To understand the phase behavior and structure/property relationships for these AB/B'C materials, diblock copolymers PEO-b-P(S-r-4HS) (AB) with a small number of H-bonding donor units per chain (i.e., 5 in 1a and 7 in 1b) were mixed with a series of diblock copolymers P(S-r-4VP)-b-PMMA (B'C) containing varying numbers of H-bonding acceptors in toluene. The blends were spun-cast onto silicon wafers, followed by solvent annealing in a controlled humidity environment under saturated toluene vapor. Figure 1 shows the SFM images of solvent annealed thin films of different blends. When the ratio of pyridyl-to-phenolic groups was larger than 2, these blends (1a and 2c; 1b and 2c) produced arrays of disordered perpendicular cylinders, although some small grains of square arrays were observed (Figure 1a,c) . When the ratio of pyridyl-to-phenolic groups was <1.5 (blends: 1a and 2b; 1b and 2b), square arrays with excellent in-plane ordering were formed (Figure 1b,d) . Figure 1e shows an ordered square array with a grain size of ∼10 μm, the largest obtained in this series of blends. However, if the PEO-b-P(S-r-4HS) copolymers had a significantly larger number of donor units per chain, as will be discussed further below, even ratios of pyridyl-to-phenolic groups <1.5 did not produce highly ordered square arrays. This result indicates that both the total number of phenolic group donors per chain and the ratio of pyridyl-to-phenolic groups are of critical importance if well-ordered square arrays are desired. The effect of the number of donors per chains on the packing structures of blends was then investigated using a range of different blends. Initially, diblock copolymers B'C with ∼6 pyridyl acceptors per chain were mixed with AB diblock copolymers containing varying numbers of phenolic donors per chain. When AB diblock copolymers with the highest number of donors per chain and therefore lowest ratio of pyridyl-tophenolic groups (∼0.27) were employed for the blend (1e and 2a), highly ordered hexagonal arrays of vertical cylinders were observed in the thin films (Figure 2a) . On increasing the ratio of pyridyl-to-phenolic groups to 0.36, the films of blends (1d and 2a) still produced ordered hexagonal arrays of vertical cylinders (Figure 2b ). Coexistence of hexagonal and square arrays was observed for blends (1c and 2a) with a ratio of pyridyl-to-phenolic groups of 0.5 ( Figure 2c ). When the ratio of pyridyl-to-phenolic groups was further increased to 1.2, the morphology of the blend (1a and 2a) was again observed to be ordered square arrays (Figure 2d) .
In direct contrast, blends of block copolymers with larger numbers of both donor and acceptor H-bonding units per chain were observed to have significantly different morphological behavior by SFM. Figure 3 shows two thin film blends containing a block copolymer with the largest number of H-bonding donors per chain (ca. 22) and with two block copolymers with large numbers of H-bonding acceptors (ca. 25 and 36). For the blend (1e and 2e) with a ratio of pyridyl-to-phenolic groups of 1.14, coexistence between small grains of square and hexagonal arrays (Figure 3a) was observed, whereas the blend (1e and 2f) with a ratio of pyridyl-to-phenolic groups of 1.64 showed small hexagonal grains (Figure 3b) .
The inconsistent appearance of hexagonal arrays, in some cases at ratios R of pyridyl-to-phenolic groups exceeding 1.5 and in other cases at values of R < 1.2, prompted us to explore the locations of PEO and PMMA domains using TEM and SEM. The TEM images (Figure 4a ) indicate that the UV-irradiated film (in this case with R = 1.25, 1c and 2d) shows ordered hexagonal structures with a single set of brighter domains. In this case, the contrast of the brighter domains is more diffuse when compared with the UV-irradiated PMMA domains of the ordered square array structure. The absence of a second set of cylindrical domains with a different contrast from the first strongly suggests that the cylinder domains seen in the hexagonal phase of the 1c and 2d blend consist of a mixture of PEO and PMMA blocks. To confirm further that PEO and PMMA blocks are mixed, films of a blend consisting of 1c with a trityl-linked PEO block and 2d were characterized using SEM. The films were treated with TFA, followed by UV irradiation to remove sequentially PEO domains and PMMA domains, respectively. Initial films after TFA treatment revealed ordered hexagonal packed nanopores with a periodicity of 36 nm in the matrix of polystyrene (Figure 4b ), whereas films after both TFA and UV treatment show hexagonal packed nanopores with a periodicity of 35 nm (Figure 4c) , which is very similar to TFA-treated films. Films that were subjected to UV irradiation, followed by TFA treatment, also displayed similar packing structures and lattice parameters, demonstrating that the PEO and PMMA block chains are mixed in the hexagonally ordered cylindrical domains.
In total, the domain morphologies of two dozen equimolar AB and B'C supramolecular block copolymer blend films with different numbers of donor and acceptor H-bonding units were investigated using SFM, SEM, and TEM. Figure 5 shows graphically the results as a function of the numbers of H-bonding donor and acceptor units per block. This plot shows three distinct morphological trends in these supramolecular block copolymer blends. When the number of pyridyl groups per B' random block is much larger than the average number of phenolic groups in each B random block, the films exhibited poor ordering with small grains of square arrays, hexagonal arrays, or both. When the number of phenolic groups per B block was much more than the number of pyridyl groups per B' block, ordered hexagonal arrays were the dominant morphology observed. Square arrays were obtained in films of blends containing a ratio of pyridyl-tophenolic groups <1.5, regardless of the absolute numbers of Hbonding components. However, highly ordered square arrays were achieved only when the ratio of pyridyl-to-phenolic groups was <1.5 and when both B and B' blocks had small numbers of H-bonding components. If the number of H-bonding units in the B and B' units was further reduced, the blend films become completely disordered, with some macrophase-separated domains in evidence.
To gain further insight into the role of supramolecular interactions on the microdomain ordering, we conducted a series of SCFT simulations. 88, 89 In particular, we examined a model AB/ B'C diblock copolymer blend in which the supramolecular interactions are crudely accounted for by a nonspecific contact attraction between B and B' segments (χ(BB') < 0), as in our previous study. 75 Of course, hydrogen bonding is a specific supramolecular interaction that involves functional groups at localized sites that saturate upon bonding, so a more sophisticated association model should be employed for a comprehensive study. 90 Nonetheless, a simple SCFT model utilizing effective χ parameters proves sufficient to understand qualitatively aspects of the self-assembly of our AB/B'C blend system and its dependence on the relative strength of the interactions between segments.
In the simulations, the lengths of the AB and B'C diblock copolymers were set equal, and the length of each minor block (A or C) was set equal to 30% of its respective block copolymer chain length. For the results of the simulations displayed in Figure 7 , the interaction parameters were set to be χ (BB')N = -7.468 and χ(AB)N = χ(AB')N = χ(BC)N = χ(B'C)N = χN = 18.875 for one series and 25 for another. The only independent parameter remaining is χ(AC)N, which was set equal to 10, 20, 30, and 40 for a second series of simulations. A negative value of χ(BB')N corresponds to attractive interactions between the major blocks B and B'. Large-cell 2-D SCFT simulations with periodic boundary conditions (cell size 30R g by 30R g ) of this model were launched from random initial fields. Even though many defects were observed, ordered structures could be identified in the simulated morphologies. In both series shown in Figure 6 , the AC columns show the sum of the density of the A and C segments, whereas the A columns show the density of just the A component for different values of the interaction parameter, χ(AC)N. For the smallest value of χ(AC)N (χ(AC)N = 10), the minor blocks (A and C) intermix to form hexagonally arranged cylinders surrounded by a corona composed of B and B' (Figure 6-1AC, -1A, -1 0 AC, and -1 0 A). However, as χ(AC)N is increased to 20, a transition occurs. The A and C segments segregate into cylinders that are predominantly either A or C to reduce the increasingly unfavorable A/C contacts, but a small volume fraction of A remains mixed into the shell of the C cylinders and vice versa (Figure 6-2AC, -2A, -2 0 AC, and -2 0 A). The A cylinders are packed tetragonally to distribute more uniformly around the C cylinders and vice versa. Increasing χ(AC)N to 25 seems to reduce slightly the amount of A mixed in the shell of C cylinders. As χ(AC)N is increased to 30 for χN = 18.875, the free energy cost for A/C contacts is larger than that for A/B(B') and C/B(B') contacts. Rather than further diminish the amount of intermixing between the A and C cylinders, which apparently carries a high chain stretching cost, the system instead transforms into a disordered state ( Figure 6-3AC and -3A) . However, upon increasing χN to 25, the system does not exhibit a disordered state, as shown in Figure 6 -3 0 AC and -3 0 A. In this case, and with χ(AC)N = 30, the cylinders become pure A or pure C, and essentially no intermixing is observed. As χ(AC)N is further increased to 40, this situation is maintained, and cylinders composed solely of either the A or C components are formed in the matrix of B and B' (Figure 6-4AC, -4A, -4 0 AC, and -4 0 A). Because there is no A/C interface, the free energy is independent of χ(AC)N. The tetragonal lattice allows for a more uniform distribution of A and C cylinders relative to each other.
To gain insight into why hexagonal arrays were formed in experiments when phenolic groups in the B block were in large excess compared with pyridyl groups in the B' block, we conducted SCFT simulations in which the effective interaction parameters χ(AB) and χ(BC) were individually or collectively reduced relative to the others. The rationale is that an excess of phenolic groups in relation to pyridyl groups leaves residual phenols on the B blocks that can hydrogen bond to either PEO segments (A blocks) or PMMA segments (C blocks). This would serve to lower the values of χ(AB) and χ(BC). Figure 7 shows the results of such simulations with representative density plots of each component. In Figure 7 -1, χ(BC)N is decreased to 5 while maintaining the other parameters (χ(AB)N = χ(AB')N = χ(B'C)N = χN = 18.875) and with fixed χ(AC)N = 40. In contrast with the tetragonal arrays observed in Figure 6-4 and -4 0 , in Figure 7 -1A we observe hexagonal arrays of A cylinders with the C blocks mixed into the continuous B/B' domain. If the C block was also to form separated cylinders, then the B chains attached to the A cylinders would have to stretch strongly to make contact with C, and such an arrangement would thus not be stable. The lower free energy penalty for BC contacts encourages C to mix with B, even though there remains a significant penalty for mixing B' and C. However, a small χ(BC) and the negative χ(BB') compensates for the penalty of mixing B' and C, and the B, B', and C mixing also lead to a reduced stretching of the B and B' blocks resulting from the close-packed hexagonal structure. The domain spacing in Figure 7 -1 is larger than the spacing in hexagonal arrays with A and C mixed cylinders ( Figure 6-1 and -1 0 ) because of the larger volume fraction of polymer blocks (B, B', and C rather than just B and B') making up the matrix.
In Figure 7 -2, χ(AB) is decreased to 5, whereas all other parameters are maintained the same. As A and B segments become more miscible, the domains of A become more dispersed, irregular, and larger. Unlike the results in Figure 7 -1, smaller χ(AB) increases the tendency to macrophase separate, as shown in the Figure 7 -2A because A and B are bound together in the same block copolymer. One can think of adding such a poorly segregated block copolymer as similar to adding a homopolymer with marginal miscibility (because of the strong repulsion between A and B'). When χ(AB) and χ(BC) are simultaneously decreased, a poorly ordered tetragonal phase was observed (Figure 7-3) . In this case, B has same interaction strength with A and C. Whereas B tries to mix with C by pulling C into the matrix, B segments also partially mix with A by forming coreshell cylinders with predominantly A in the core and more B in the shell. As a consequence, a smaller volume fraction of B is mixed in the matrix compared with the case shown in Figure 7-1 . Therefore, the enthalpy advantage from B/C contacts by pulling C into the matrix is decreased, and this smaller advantage is not enough to compensate for the penalty of mixing B' and C. The system therefore prefers a tetragonal structure, where C and mixed A/B cylinders form staggered square lattices. The diameter of the A/B mixed cylinders is larger than that of the C cylinders.
We also conducted a series of SCFT simulations to investigate the role of χ(AC)N on the morphology of AB/B'C blends. In part, this was motivated by the complex nature of the PEO-PMMA interaction throughout our film processing steps. PEO and PMMA are known to be miscible under dry conditions in the melt. However, during solvent annealing conditions under high humidity that we employ, hydrated PEO (A) blocks are apparently sufficiently incompatible with PMMA (C) blocks to form separate domains with tetragonal order, an observation already made in our previous study. 75 Nonetheless, because the water content of the film can vary significantly during and after the solvent annealing step, the effective PEO-PMMA interaction embodied by χ(AC)N is presumably highly time-and processdependent and is therefore subject to considerable uncertainty. Figure 7 -4 shows the effect of decreasing χ(AC)N in concert with decreasing χ(AB)N and χ(BC)N. In this example χ(AC)N, χ(AB)N, and χ(BC)N are set to 10, whereas χ(BB')N, χ(AB')N, and χ(B'C)N remain same. Similar to the situation shown in Figure 6 , a small value of χ(AC)N encourages A/C mixing, thus forming hexagonally packed A/C mixed cylinders but with weaker segregation relative to the matrix B and B' blocks. In Figure 7 -5, χ(AC)N is further decreased to 5, whereas χ(AB)N and χ(BC)N remain fixed at 10. Tetragonal lattices in the bulk state of block copolymers were experimentally observed in a symmetrical linear ABC triblock copolymer by Mogi et al, 16, 17 thus prompting us to compare the supramolecular block copolymer blends AB/B'C with the linear ABC counterparts. In the Mogi et al. system of polyisoprene-bpolystyrene-b-poly(2-vinylpyridine) (PI-b-PS-b-P2VP), the FloryHuggins interaction parameter between PI and P2VP is larger than the other two interaction parameters (χ(PI-P2VP) > χ(PI-PS) ≈ χ(PS-P2VP)). PI and P2VP, each about 12-18% by volume of the block copolymer, assemble to produce two kinds of cylindrical domains of end-block segments, with a tetragonal pattern. However, no hexagonal packing was observed for these triblock copolymers in the bulk. Matsen 20 used SCFT to map the morphology of symmetrical linear ABC triblock copolymers as a function of χ(AC)/χ (χ = χ(AB) = χ(BC)). When χ(AC)/χ = 1, the cylinders form tetragonal lattices with C 4 symmetry that facilitates a relatively uniform distribution of A and C domains despite the fact that this lattice is not a close packed structure, as shown schematically in Figure 8a . In contrast, the formation of the structure shown in Figure 8b requires an asymmetric distribution of bridging chains of the midblock B matrix if separate A and C cylinder domains form, and this structure is not observed in the SCFT results of Matsen. When χ(AC)/χ is decreased below a certain value, the A and C end blocks mix, leading to a stable hexagonal phase with C 6 symmetry that is similar to the hexagonal phase in diblock copolymers (Figure 8c ). Another possibility is that both A and C can form separate hexagonal structures with independent C 6 symmetry. These structures in total actually have a three-fold axis, and its point symmetry is C 3 , as shown in Figure 8d . Note that the vertices of the triangles cannot be occupied by cylinders in a C 3 planar structure. Putting a cylinder of either color at the vertex leads to frustration, but the fact that each A cylinder has only three nearest neighbor C cylinders rather than four in the tetragonal structure means that some of the bridging B block chains must stretch more to fill the vertex than to fill the four-fold vertex in the tetragonal structure. This excess stretching presumably accounts for why the morphology in Figure 8d is not seen either in the theoretical work of Matsen or in the experiments of Mogi and coworkers. 16, 17, 20 In the present article and in our previous work, 75 we simulated supramolecular AB/B'C block copolymer blends using a model and SCFT approach similar to Matsen. With χ(AC)N = 55 > χN = χ(AB)N = χ(B'C)N = χ(AB')N = χ(BC)N = 14 and χ(BB')N = -3.5, our simulations revealed that square-packed cylinders in the AB/B'C system have a lower free energy density than AC mixed hexagonally packed cylinders, which is the stable phase in simple AB diblock copolymers. Although in the supramolecular blend system, the A and C blocks are covalently linked to different chains, attractive interactions between B and B' blocks cause the blend to self-assemble in a similar fashion to symmetric linear ABC triblock copolymers. Presumably, this is because the favorable B-B' segmental mixing can occur at relatively uniform B and B' block extensions, and the reversible nature of the hydrogen bonds can facilitate bond rearrangements to relax any residual stresses in the B/B' domain. However, the rationale for the formation of hexagonal structures in a range of these blend films is an open question. If PEO and PMMA domains are not intermixed and each have separate hexagonal symmetry, the surface morphology of these PEO and PMMA domains would appear like the structure shown in Figure 8d . However, such packings were not observed experimentally. Other structures, such as that shown in Figure 8b , were also not detected by SFM, TEM, or SEM. Instead, TEM and SEM demonstrated the formation of hexagonal structures with PEO and PMMA mixed, similar to the structure in Figure 8c . Because Matsen showed that for symmetric ABC triblocks, the formation of the structure in Figure 8c can be driven by a decrease in χ(AC), we were motivated to perform similar SCFT simulations for the AB/B'C system, exploring not only the role of A-C but also the role of A-B, B-C, and B-B' interactions. As described above, χ(AC) in the AB/B'C system indeed plays a critical role in the formation of different packing structures. When the repulsion between A and C is small, each cylinder is composed of mixed A and C blocks, and the cylinders pack hexagonally with C 6 symmetry similar to simple diblock copolymers (Figure 8d) . However, for increased χ(AC), the cylinders are substantially composed of either the A or C component to avoid A/C contacts. The A cylinders are packed in a tetragonal lattice with C 4 symmetry to distribute uniformly around the C cylinders and vice versa.
The transition between hexagonal and tetragonal structures driven by increasing χ(AC) involves a structural rearrangement of cylinders. Therefore, the intermediate between the two structures is likely a tetragonal morphology consisting of C cylinders with small amounts of A dissolved in the shell and of A cylinders with small amounts of C dissolved in the shell, as illustrated in Figure 8e . Such intermediate structures have indeed been revealed by our SCFT simulations for the supramolecular AB/B'C alloy. It is possible that a similar minor amount of AC mixing exists in the tetragonal phase of the symmetric linear ABC triblock copolymers near the transition from hexagonal to tetragonal (corresponding to ABC chains looping back into the same domain), but Matsen did not report such mixing. 20 Still puzzling is why separate PEO and PMMA domains form for some of the blends but not others, especially given that great effort was taken to ensure that the processing conditions (including humidity) were not altered and the chemical variations were restricted to the B and B' blocks. The fact that mixed PEO/ PMMA domains with hexagonal packing were observed primarily in cases with an excess of H-bonding donors suggests that "unintentional" H-bonds between 4HS and MMA and/or 4HS and EO are to be implicated. Our SCFT studies have revealed that hexagonal phases can be formed by lowering χ(AB), χ(BC), or both, as would be the expected influence of such unintentional bonds, but unfortunately, these do not correspond to the hexagonal phase with mixed A/C cylinders.
Overall, whereas our SCFT simulations do not provide a definitive explanation for the observed morphology trends with donor-acceptor stoichiometry, they are revealing in terms of the role that the various binary interactions play in dictating hexagonal versus tetragonal packing in AB/B'C alloys.
Conclusions
A modular and hierarchical self-assembly strategy for the generation of highly ordered square and hexagonal arrays based on the blending of diblock copolymers (AB/B'C) with tunable supramolecular interactions (H-bonding) has been developed. By combining supramolecular assembly of H-bonding phenolic and pyridyl units with controlled microphase separation of welldefined diblock copolymers, it was shown that control over the number of complementary donor and receptor H-bonding groups is critical for achieving good order as well as controlling the local packing of cylindrical domains. The production of ordered square arrays is favored at low levels of H-bonding units incorporated per chain as well as near stoichiometric ratios of complementary H-bonding donors and acceptors. Hexagonal packings with mixed A and C domains were observed when the number of H-bond donors per chain is greater than the number of acceptors. SCFT simulations suggest a critical role for the interaction parameter χ(AC) in distinguishing square and hexagonal packings. Unfortunately, this parameter is not welldefined for the present system under the humidity controlled solvent annealing conditions employed, nor is it useful in explaining tetragonal to hexagonal transitions observed by changing donor-acceptor stoichiometry under otherwise identical process conditions. In conclusion, it is anticipated that this modular and tunable supramolecular block copolymer approach can be extended as a general strategy to prepare diverse nanoscale polymeric structures and assemblies based on a range of supramolecular interactions.
